UNCLASSIFIED 


AD  NUMBER 


ADB190676 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors;  Foreign 
Government  Information;  JUN  1994.  Other 
requests  shall  be  referred  to  DSTO 
Aeronautical  and  Maritime  Research  Lab., 
Melbourne,  Australia. 


AUTHORITY 


DODA  ltr,  15  Mar  1995 


THIS  PAGE  IS  UNCLASSIFIED 


0S70-7R-0OOZ 


Ultraviolet  Emission  from  Rocket 
Motor  Plumes 

David  Kilpin 


0 


flft'Ooe-  qao 


APPROVED 


FOR  PUBLIC  RILFAM 


Comnxj»iw#fjlh ■* 

ELECTE 
Cf,  13894 


Ultraviolet  Emission  from  Rocket 
Motor  Plumes 

David  Kilpitt 


DSTO  Technical  Report 
DSTO-TU-(I\>2 


Abstract 

Atmospheric  limitations  on  the  spectral  region  of  the  ullravolet  Ofiprcprute  for  detection  of 
emissions  from  rocket  motor  plumes  ore  considered  Origins  of  ultraviolet  emission  as  spectral 
contmuo,  bar.  Is  and  lines  from  the  recce t  motor  exhaust  flow  and  its  atmospheru  interaction  are 
discussed  The  contrast  of  in  frartd  emis'ions  arising  mostlu  from  maior  prod  in  Is  and  processes 
with  ultraviolet  emissions  often  resulting  from  trace  iOnshtucnts  and  minor  palhnays.  indicates 
the  more  detailed  knowledge  of  the  rocket  motor  system  reifui'id  for  modelling  and  prediction  of 
ultraviolet  signatures. 
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Ultraviolet  Emission  from  Rocket 
Motor  Plumes 


1.  Introduction 

Rocket  motor  and  aircraft  engine  plume  emissions  are  logically  thought  of  as 
strong  infrared  emitters  because  of  their  high  temperatures.  Their  strong 
infrared  emissions  in  clear  atmospheric  windows  permits  convenient 
discrimination  against  ambient  backgrounds  for  detection  purposes.  However 
the  lower  intensity  ultraviolet  emissions  combined  with  the  lower  ambient 
backgrounds  in  the  ultraviolet  region  and  acceptable  atmospheric  transmission 
at  some  points,  together  with  simple,  efficient  and  sensitive  detectors,  make  that 
spectral  region  also  suitable  Operational  military  detection  systems  such  as  the 
Loral  .VAR-47  have  been  described  ( 1 1 

The  detectability  of  motor  emission  at  a  particular  wavelength  is  dependent  cut 
the  intensity  of  that  emission,  the  transmission  of  the  atmosphere  between  the 
•  mitter  and  the  detector,  and  the  strength  of  the  background  signal.  Variations 
of  these  parameters  with  wavelength  in  the*  ultraviolet  results,  in  most  cases,  in 
only  a  narrow  waveband  region  where  efficient  detection  is  possible.  Unusual 
circumstances,  such «;.» intense  line  emission  or  satellite  detection  of  high  altitude 
emitters,  may  permit  operation  outside  thi«  250  to  300  nm  region.  However  for 
most  cases  of  near  horizontal  paths  through  sea  level  or  low  altitude 
atmospheres,  motor  plume  detection  is  restricted  to  the  260  to  29C  nm  region. 

Atmospheric  transmission  and  ambient  radiation  background  predominantly 
determine  the  spectral  region  in  which  emissions  can  be  detected  and  will  be 
considered  first.  Sources  of  plume  emission  in  the  accessible  region  will  then  be 
discussed. 
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2.  Atmospheric  Transmission  and  Ambient 

Background 


2.1  Defining  the  region  and  subregions 

Ultraviolet  radiation  is  usually  defined  as  electromagnetic  radiation  of 
wavelengths  between  4  and  4C0  nanometres.  It  can  be  subdivided  into  further 
regions  of  vacuum  ultraviolet,  encompassing  the  extreme  ultraviolet  from  4  to 
100  nm  and  far  ultraviolet  from  100  to  200  nm,  the  middle  ultraviolet  from  200  to 
300  nm  and  the  near  ultraviolet  from  300  and  400  nm  12-4).  Wavelengths  from 
230  to  290  nm  are  frequently  referred  to  as  the  solar  blind  ultraviolet,  SBUV. 
Ultraviolet  environmental  effects  on  biological  or  physical  systems  are  often 
considered  for  the  ranges  L'VA,  400  to  315  nm,  UVB,  315  to  280  nm.  and  UVC. 
<280  nm  In  this  report  the  region  200  to  400  nm  will  be  considered  and 
ambiguity  avoided  by  referring  to  positions  or  regions  by  wavelengths. 


2.2  Factors  affecting  transmission 

Transmission  through  a  horizontal  sea  level  almospheru  path  tor  standard 
conditions  is  described  in  detail  in  several  references  [5-s|  At  the  long 
wavelength  edge  of  the  ultraviolet  at  380-400  nm  there  is  virtually  no  molecular 
absorption,  with  transmission  being  limited  by  molecular  and  partunLile 
scattering,  but  capable  of  over  90%  for  paths  of  tens  of  kilometre?.  At  <horter 
wavelengths  of  around  200  nm  tlie  uniform  oxygen  content  limits,  transmission 
to  50%  for  a  path  length  of  15  metres,  although  scattering  1o<m*s  are  greater  here 
than  at  400  nm  Intermediate  wavelengths  may  be  attenuated  pnxlomiruintlv  hv 
either  the  variable  particulate  levels  or  the  variable  ozone  content,  whose 
ibsorption  band  is  centred  near  255  nm  Ozone  concentrations  vary  with 
location  and  show  regular  temporal  variations  over  diurnal  and  M*asonal 
periods  The  ma|or  effect  of  these  ozone  variation*  i*>  to  shilt  the  *hort 
wavelength  edge  of  the  ultraviolet  window  near  270  nm 


2.2.1  Ozone 

Sea  level  ozone  concentrations  may  vary  from  1  to  100  ppb  (9-17)  .  This  may 
therefore  change  the  transmission  of  the  atmosphere  at  ozone's  absorption 
maximum  at  255  nm  ( where  the  decadic  base  absorption  coefficient  is  132  cm*1 ) 
from  97%  to  22%  over  a  one  kilometre  path  or  at  280  nm  (  where  the  .ibsorption 
coefficient  is  43  cm'1  (2))  from  99%  to  61%.  Typical  urban  midday  concentrations 
of  30  ppb  can  fall  to  one  to  several  ppb  at  midnight  and  then  build  up  again  next 
day  via  many  processes  in  the  sunlight  irradiated  polluted  atmosphere. 
Concentrations  of  over  100  ppb  are  apparent  in  figure  1  (9j  for  London  for  three 
days  of  1972.  Anthropogenic  emissions  of  ozone  generating  species  modify  the 
natural  system  of  generation  and  vertical  transport  and  surface  destruction  of 
ozone,  ir,  remote  unpolluted  environments  there  is  a  lower  surface  level,  about 
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13  ppb  for  the  Amazonian  rain  forest  jl5J,  but  a  similar  diurnal  variation. 
Surface  ozone  concentrations  in  Germany  show  average  levels  of  about  30  ppb 
and  annual  cycles  with  winter  minima  and  spring  or  summer  maxima  of  about 
1:3  ratio  (16J.  These  variations  are  connected  with  temperature  and  solar 
radiation  changes  and  anthropogenic  emissions.  Nighttime  winter  remote 
wilderness  transmission  is  considerably  higher  than  daytime  summer  urban, 
perhaps  increasing  260  nm  transmission  over  1  km  from  24%  to  97%,  or  shifting 
the  wavelength  edge  for  90%  transmission  over  4.6  kilometres  from  307  nrn  to 
268  nm. 
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Diurnal  variations  of  air  pollutants  measured  in  London  from  July  12  to  July  14.  1972. 
■  .  Ozone  ppb;  9,  nitric  oxide,  ppb;  □.  nitrogen  dioxide,  ppb.  G,  hydrocarbons,  ppm  From  Derwent 
and  Steward. 


rigim' t:  Diurnal  tunatirny  of  air  f\illulanl< 


Vertical  ultraviolet  transmission  over  the  220  to  300  nm  range  depends  on  both 
path  length  and  source  and  detector  altitudes  because  of  variations  of  ozone 
concentrations  with  height  Maximum  concentrations  occur  at  altitude's  ot  up  to 
35  kilometres  where  the  volume  fraction  of  about  10  ppm  combined  with  die 
pressure  of  0  01  atmospheres  results  in  about  four  limes  the  ground  level 
density  (figures  2  (logarithmically  sealed)  and  3  (linearly  sealed)!  18)).  Formation 
of  ozone  above  this  level  by  solar  photolysis  of  oxygen  is  normally  balanced  by 
the  downwards  transport  of  ozone  to  levels  where  it  undergoes  destructive 
gaseous  and  surface  reactions.  This  vertical  distribution  of  ozone  results  in  80% 
upwards  transmission  of  wavelengths  of  290  nm  from  above  40  kilometres,  but 
strong  attenuation  of  similar  wavelengths  from  ground  level.  Kolb  et  al  ( figure 
4  (19J)  show  that  even  the  weak  wing  of  ozone  absorption  at  310  nm,  where  the 
absorption  coefficient  is  1,  reduces  vertical  spaeewards  transmission  to  30%  from 
10  kilometres,  whereas  horizontal  ground  level  transmission  is  79%  over  50 
kilometres  at  20  ppb. 


2.2.2  Oxygen 


At  wavelengths  shorter  than  the  long  wavelength  ozone  edge  not  only  does 
molecular  Rayleigh  scattering  and  particulate  scattering  increase,  but  absorption 
by  the  forbidden  Herzfcerg  I  bands  and  adjoining  photodissociation  continuum 
of  molecular  oxygen  dominates  [20,21].  Although  the  oscillator  strength  of  the 
whole  Herzberg  system  is  only  about  10‘7  [20],  this  still  reduces  transmittance 
over  a  one  kilometre  horizontal  path  at  280  nm  to  80%  [6-8].  At  shorter 
wavelengths  the  absorption  increases  to  become  the  dominant  attenuator  at 
wavelengths  below  220  nm  (figure  5  [5]).  At  220  nm  molecular  oxygen 
absorption  over  one  kilometre  reduces  transmission  to  only  47.,  even  if  no 
molecular  or  particulate  scattering  attenuation  occurred. 
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Attenuation  calculations  for  standard  conditions  at  set  level 
for  an  assumed  visibility  of  10  km.  The  total  attenuation  coefficient 
is  given  by  the  oolid  line,  the  aerosol  attenuation  by  the  dotted  line, 
the  molecule  scattering  attenuation  by  the  dashed  and  dotted  line, 
the  ozone  and  oxygen  attenuations  by  the  long  and  short  dashed 
line*,  respectively. 


Figure  5:  Attenuation  vs  wavelength  at  1C  km  visibility. 


2.2.3  Aerosols  and  particulates 


Aerosol  effects  on  the  clarity  of  the  atmosphere  are  less  spectrally  selective  than 
absorption,  but  more  variable,  an*.?  markedly  limit  atmospheric  transmission. 
Scattering  of  radiation  by  the  predominantly  auueous  droplets  and  dust 
particulates  increases  with  decrease  of  wavelength.  Ihe  magnitude  of  the  overall 
attenuation  at  a  particular  wavelength,  is  dependant  on  the  number  and  size 
distribution  of  the  aerosols  and  their  refractive  indices.  Slowly  decreasing 
transmission  with  decrease  of  wavelength  is  shown  for  differing  values  of 
visibility  in  figure  6  (5).  This  atmospheric  clarity  essentially  determines  the 
overall  transmission  at  longer  wavelengths  (Iran  the  ozone  absorption  band. 


Model  aerosol  attenuation  coefficients  as  a  function  of 
wavelength  for  different  values  of  visibility  V.  The  dotted  line 
correspond*  to  V  «•  50  km,  the  solid  line  to  V  ■  10  km,  the  dashed  and 
dotted  Una  to  V  -  2  km,  and  the  dashed  line  to  a  V  of  0.5  km. 

Figure  6:  Aerosii  attenuation  te*  taat'elenglh. 


23  Regions  of  transmission 

Tlvo  factors  considered  above  combine  to  limit  the  ultraviolet  transmission  by 
the  atn>osphere  over  paths  of  a  few  kilometres  or  more  tc  wavelengths  of  longer 
than  about  270  nm.  For  low  ozone  levels,  shorter  paths,  dear  atmospheres  and 
very  bright  sources,  shorter  wavelengths  may  be  appropriate. 


Longer  wavelengths  in  li.e  ultraviolet  (  300  to  400  nm  )  are  usually  of  less 
interest,  particularly  for  daytime  applications,  because  of  the  increasing 
background  radiation  arising  from  the  solar  spectrum.  The  solar  spectrum 
incident  above  the  atmosphere  approximates  that  of  a  blackbody  near  6000K 
with  a  maximum  near  500  nm.  About  10%  of  the  total  energy  is  in  the 
ultraviolet,  with  only  0.1%  at  wavelengths  below  200  nm.  The  approximate  4:1 
ratio  of  400  nm  to  300  nm  fluxes  above  the  atmosphere  is  severely  altered  by 
absorption  and  scattering  to  result  in  a  100:1  ratio  at  the  surface  (2).  This  sharp 
falloff  of  direct  sunlight  and  diffuse  skylight  with  shorter  wavelengths  in  the 
ultraviolet  terminates  totally  at  about  290  nm,  due  primarily  to  ozone 
absorption.  Ultraviolet  fluxes  vary  with  solar  altitude  to  midday  maxima  for 
both  sun  and  sky  origins.  Seasonal  variations  also  occur  with  maxima  in 
summer.  Reflection  of  the  incident  ultraviolet  flux  ’•■'in  natural  and  other 
surfaces  results  in  a  spatially  and  temporally  variable  background  in  the  300  to 
400  nm  region.  Although  narrow  bandwidth  spectral  regions  at  the  lower  end  of 
that  range  will  have  quite  iow  background  levels,  best  d'  testability  of  ultraviolet 
emissions  will  generally  1..  beyond  that  clutier,  before  the  atmospheric 
absorption  attenuation,  in  the  region  270  to  290  nm. 


2.4  Absorption  detection 

Background  daylight  sky  radiance  has  been  used  as  a  s'  tree  against  which  the 
absorption  of  sulphur  dioxide  from  a  power  plant  stack  .  Uime  at  318  nm  can  be 
observed  with  an  ultraviolet  video  imaging  system  [22]  Similai  306  nm  imaging 
of  plume  hydroxyl  absorption  against  a  daylight  background  might  b?  possible 
with  a  differential  dual  band  system  to  prevent  false  alarms  of  birdlike 
broadband  spectral  absorbers  However,  the  low  hydroxyi  concentration  would 
probably  result  in  poor  sensitiv  ity  compared  with  emissive  detection. 


2.5 
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UV  transmission  window 


For  daylight  situations  the  ultraviolet  atmospheric  window  for  kilometre  scale 
horizontal  pathlengths  is  limited  to  the  region  around  270  to  290  nm  by  the 
absorption  of  ozone  at  shorter  wavelengths  and  the  solar  radiation  background 
at  longer  wavelengths.  Shorter  wavelengths  will  be  somewhat  better 
transmitted  at  nighf  and  for  clearer  visibilities.  The  detectability  of  longer 
wavelength  emissions  would  be  greatly  enhanced  at  night  when  there  is  no  solar 
radiation  background  or  thermal  background  emission.  Daylight  operation  at 
some  longer  wavelengths  can  be  enhanced  for  narrow  band  features  by  spectral 
filtering  to  minimise  the  background.  However  genera1  operation  is  only 
possible  in  the  270  to  290  run  region  and  even  there  atmospteric  attenuation  can 
be  severe  in  rain,  clouds  or  fog. 
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3.  Motor  Emission 


Flames  and  rocket  motor  plumes  radiate  strongly  in  the  infrared  region  because 
they  are  high  temperature  sources  and  blackbody  emission  results  in  peak 
spectral  radiance  at  2898  pmX  wavelength-temperature  product  (figure  7  [18]) . 
Even  at  1000K  there  is  a  strong  emission  peak  near  3pm  and  substantial  longer 
wavelength  emission  both  as  a  continuum  from  particulates  and/or  from 
molecular  bands  of  combustion  product  gases.  The  rapid  fall  off  of  the  Planck 
blackbody  spectral  radiance  at  shorter  wavelengths  results  in  very  low  fractions 
of  the  total  energy  in  the  ultraviolet  unless  very  h:gh  temperatures  arc  attained. 
This  low  level  of  ultraviolet  emission  is  employed  in  atomic  absorption  analysis 
where  the  absorption  of  traces  of  elements  aspirated  into  a  flame  is  easily 
detected  against  a  low  background.  Even  at  high  temperatures  ultraviolet 
emission  is  usually  far  less  efficient  than  infrared  emission  because  none  of  the 
major  molecular  combustion  products  have  strong  emission  spectra  in  the 
ultraviolet,  compared  with  carbon  dioxide,  carbon  monoxide  and  water  in  the 
infrared.  Ultraviolet  emission  therefore  depends  on  either  particulate  blackbody 
omission  or  line  or  band  emission  from  atomic  and  transient  or  low  level  radical 
or  molecular  species.  It  is  consequently  not  only  weaker  but  also  more 
dependent  on  chemical  composition  and  contributions  from  trace  components. 
Apparently  minor  variations  in  propellant  composition  or  impurity  levels  or 
component  construction  can  result  in  major  differences  in  ultraviolet  outputs. 

Rocket  motor  combustion  of  hydrocarbon  propellants  produces  carbon  dioxide 
and  water  as  end  products,  with  carbon  monoxide  as  both  an  intermediate  and 
end  product,  and  many  other  species  such  as  hydroxyl  (  OH  ),  hydroperoxyl 
(HO2)  and  atomic  hydrogen  and  oxygen  as  intermediate  reactants.  Propellants 
coniaining  ammonium  perchlorate  yield  hydrogen  chloride  as  an  end  product 
with  some  atomic  chlorine  as  a  reactive  intermediate.  A  rich  assortment  of 
diatomic  a,.d  polyatomic  species  arising  from  the  component  C.  H,  N,  O  and  Cl 
atoms  is  also  involved.  In  addition  to  these  are  the  products  from  other 
additives,  either  as  their  primary  decomposition  fragments,  or  after  oxidation  or 
further  reaction.  White  most  of  these  recctants  are  in  thermal  equilibrium  with 
their  immediate  surroundings,  some  result  from  chemical  reactions  which 
impart  excess  energy  which  is  subsequently  radiated  as  chemiluminesence  from 
non-thermally  equilibrated  speoes.  This  complex  mixture  can  then  mix 
turbulertly  wuh  cooler  nitrogen  and  reactive  oxygen  to  form  an  afterburning 
plume,  from  which  ultrav^'let  emission  can  originate  via  many  routes. 

Hydrocarbon  flames  and  rockei  motor  afterburning  plumes  do  have  some 
characteristic  ultraviolet  features  [22-26].  Hydroxyl  emission  from  the  (1/))  and 
(0,0)  bands  at  281  and  306  nm  is  almcU  universal,  as  is  the  "blue  flame” 
chemiluminescence  from  the  atomic  oxygen  -  caibon  monoxide  reaction.  These 
missions  can  overlie  *..y  blackbody  continuum  to  give  false  indications  of 
temperatures  from  wavelength  intensity  ratios.  At  longer  waveleciglhs  in  the 
near  ultraviolet  bands  fnm  CN  at  388  run,  CH  at  387  run  and  NH  336  run  [23] 
may  be  present.  An  ultraviolet  spectrum  of  a  Saturn  V  ( oxy&ssa/keroserve ) 
rocket  shows  a  typical  continuum  due  to  the  1%  of  solid  carbon  particles  in  the 
exhaust  plume  with  strong  fall  off  or  intensity  from  400  to  280  run  [27).  The 
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"absorption"  band  at  300  run,  there  incorrectly  ascribed  to  ozone,  is  more  likely 
due  to  a  gap  between  emission  bands  of  hydroxyl  near  281  and  306  nm.  Solid 
propellant  rocket  plumes  studied  bv  Keefer  et  al  [28]  showed  hydroxyl  emission 
to  be  the  most  consistently  observed  feature  of  the  ultraviolet  together  with  a  250 
to  300  nm  continuum  whose  intensity  increased  rapidly  with  wavelength,  on 
which  bands  due  to  NO  { many  bands  eg  (0,6)  of  its  p  system  at  289  nm  and  (0,4) 
of  its  y  system  at  272  nm  ),  PbO  (  287,  340  and  349  nm  )  and  CHO  (  several, 
strongest  at  330  nm )  were  also  apparent. 


Spectral  rsdume*  &»*  of  •  bUckbody  it  lh*  temperature  in  kclvmt  «lio«n 
on  each  curve.  The  diatooal  Imc  inliraccling  each  curve  at  ill  maximum  jliows 
Wien'*  ditpliccmcnl  law.  Subdivaioni  of  liw  ordinate  rcalc  are  at  2  and  i. 
[Adapted  by  penmu u>n  //oat  Valley  (19&S.1 


FigUis  7:  Black  body  spectral  raduwct- 

Processes  contributing  to  ultraviolet  emission  Irom  rocket  motor  plumes  have 
been  considered  in  several  reports,  both  qualitatively  (19.26],  and  quantitatively 
as  part  of  plume  prediction  codes  (29,30).  Continuum  radiation  originates  either 
as  particulate  scattering  of  solar  radiation,  or  chemiluminescence  or  grey  body 
thermal  emission  from  specific  particulates  such  as  alumina  or  zirconia  or 
carbon,  or  broad  chemiluminescence  from  the  atomic  oxygen/carbon  monoxide 
reaction  [31  ]  Transient  or  stable  molecular  species  emit  radiation  as 
characteristic  lines  or  bands,  with  hydroxyl  and  nitric  oxide  the  major 
contributors,  and  carbon  monoxide  generally  of  minor  importance. 
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Thermal  emission  from  hot  condensates  is  often  the  major  continuum  radiation 
apparent.  Alumina,  boria,  zirconia  and  carbon  particulates  may  be  ctose  to  or  far 
from  thermal  equilibrium  with  the  gaseous  plume,  but  will  radiate  some  form  of 
spectTal  continuum.  Emissivity  variations  with  surface  purity  may  mean  that 
strict  greybody  behaviour  is  not  followed.  Computations  involving  particle  size 
distributions  and  refractive  index  values  required  for  absorption  cross  sections 
modifying  blackbody  particulate  emission  yield  estimates  of  these  continua  (29]. 
Chemiluminescence  arises  from  nonthermally  equilibrated  reaction  products. 
For  the  excited  carbon  dioxide  from  the  reaction  of  atomic  oxygen  with  carbon 
monoxide  it  is  observed  as  a  broad  band  centred  at  about  350  nm,  but  with 
substantial  emission  in  the  250  to  300  nm  range  at  high  temperatures  ( figure  8 
(19],  (31]).  Scattering  of  skylight  and  sunlight  by  the  particulates  will  add  to  the 
pure  emission  continuum.  Some  or  all  of  these  factors  are  incorporated  in  the 
predictive  codes. 

Molecular  emission  is  usually  dominated  by  the  strong  306  nm  and  weaker  281 
nm  hydroxyl  bands  (19,  28,  30,  32, 33].  While  most  of  the  thermally  equilibrated 
hydroxyl  results  from  the  H  ♦  C>2,  O  +  H2  and  O  +  H  +  M  reactions,  emission  is 
thought  to  result  mostly  from  chemiluminescence  from  the  electronically  excited 
OH  from  H  ■*  OH  +  OH  or  perhaps  the  CH  +  O2  reaction  (19,  30].  Thermal 
emission  from  the  OH,  CO  and  NO  can  be  calculated  from  the  equilibrium 
plume  data  from  complex  systems  incorporating  reactions  such  as  those  listed  in 
reference  34.  One  of  the  few  ultraviolet  rocket  plume  spectra  published  in  the 
open  literature  ( figure  9  (33])  shows  the  strong  hydroxyl  (0-0)  band  and  the  (0- 
1),  (0-2),  (0-3)  and  (0-4)  nitric  oxide  y  bands.  Hydroxyl  emission  is  usually  the 
only  molecular  emission  which  it  is  essential  to  consider,  although  some  exotic 
propellant  compositions  may  produce  strong  emitters.  Different  criteria  apply  at 
very  high  altitudes  where  short  wavelengths  near  230  nm  are  transmitted  and 
substantial  motor  plume  continuum  and  vehicle  shock  CO  Cameron  band 
emissions  are  observed  [35] 

While  atomic  line  emission  is  rarely  considered  as  a  source  of  ultraviolet  since 
common  propellant  components  contain  no  strongly  emitting  elements,  intense 
resonance  or  other  strong  line  emission  is  possible  from  low  concentrations  of 
particular  elements.  These  elements  may  be  present  as  burning  rate  modifiers  or 
fillers  in  insulants,  liners  or  nozzle  components.  Antimony  at  253  nm,  tin  at  284 
run,  magnesium  at  285  nm  and  silicon  at  288  nm  may  all  arise  from  insulant  and 
propellant  additives,  while  bismuth  at  307  nm,  copper  at  325  nm,  lead  at  368  run 
and  silver  at  328  nm  provide  specific  signatures  outside  the  normal  waveband 
region  of  interest,  but  potentially  useful  (or  detection  of.  say,  silver  wire 
accelerated  burning. 
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Figure  8:  CO  +  O  Chemiluminescent  Intensity  Spectra.  The  points  with  indicated 
errors  bars  as  well  as  the  solid  line  are  the  absolute  intensity  measurements  of  Myers  and 
Bartle.  The  oilier  cuntes  toere  normalised  to  the  peak  intensity. 
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Figure  3:  UV  spectrum  of  plume  showing  bond  emissions. 


4.  Summary 

Rocket  motor  plumes  emit  significant  levels  of  radiation  in  the  270  to  290  nm 
ultraviolet  transmission  window  between  the  ozone  absorption  band  of  the 
atmosphere  and  the  shortest  wavelength  daylight  background  of  solar  radiation. 
This  signal  consists  of  continua  from  both  thennally  and  chemically  excited 
particulates  and  CO/O  reaction  chemiluminescence,  and  molecular  emission 
bands  from  several  species  dominated  by  that  of  hydroxyl. 

Radiation  contributions  from  these  and  other  sources  can  be  computed  from 
full  knowledge  of  the  chemical  composition  of  the  propellant,  motor  and 
atmosphere,  the  combustion  reaction  mechanism,  and  a  precise  flow  field  model, 
from  which  spatial  distributions  of  particle  sizes  and  temperatures  and  species 
concentrations  together  with  the  spectral  data  of  those  emitters  and  absorbers 
yield  total  radiation  emission.  Refinements  of  the  data  and  extensions  of  the 
codes  to  include  further  details  of  trace  species,  and  mechanisms  not  previously 
included,  will  often  be  required  because  the  normally  low  ultraviolet  signal 
results  from  minor  components  of  the  system  and  is  therefore  sensitively 
dependent  on  some  apparently  minor  changes. 
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